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Susceptibility during fasting has been reported for the common vampire bat (Desmodus rotundus), to the
point of untimely deaths after only 2–3 nights of fasting. To investigate the underlying physiology of this
critical metabolic condition, we analyzed serum insulin levels, pancreatic islets morphometry and immu-
nocytochemistry (ICC), static insulin secretion in pancreas fragments, and insulin signaling mechanism in
male vampire bats. A glucose tolerance test (ipGTT) was also performed. Serum insulin was found to be
lower in fed vampires compared to other mammals, and was signiﬁcantly reduced after 24 h fasting.
Morphometrical analyses revealed small irregular pancreatic islets with reduced percentage of b-cell
mass compared to other bats. Static insulin secretion analysis showed that glucose-stimulated insulin
secretion was impaired, as insulin levels did not reach signiﬁcance under high glucose concentrations,
whereas the response to the amino acid leucin was preserved. Results from ipGTT showed a failure on
glucose clearance, indicating glucose intolerance due to diminished pancreatic insulin secretion and/or
decreased b-cell response to glucose. In conclusion, data presented here indicate lower insulinemia
and impaired insulin secretion in D. rotundus, which is consistent with the limited ability to store body
energy reserves, previously reported in these animals. Whether these metabolic and hormonal features
are associated with their blood diet remains to be determined. The peculiar food sharing through blood
regurgitation, reported to this species, might be an adaptive mechanism overcoming this metabolic
susceptibility.
 2012 Elsevier Inc. Open access under the Elsevier OA license. 1. Introduction
It is well established that insulin is the main anabolic hormone
in mammals, directly affecting carbohydrate, lipid and protein
metabolism through its control of inter-organ substrate ﬂow, stim-
ulating substrate storage when it is abundant in the diet [7].
Glucose homeostasis in fed mammals requires proper regula-
tion of insulin secretion from pancreatic b-cells, which is under
the inﬂuence of several factors, including metabolic fuels, neuro-
transmitter release, paracrine mechanisms and circulating hor-
mones [10]. The primary signal for insulin secretion is an
elevation in blood glucose concentration [2], even though amino
acids such as leucine can also induce insulin secretion in most
mammals [28,3].
Earlier studies have shown that the common vampire bat (Des-
modus rotundus) is highly susceptible to short-term fasting [12],reitas).
r OA license. showing a severe hypoglycemia followed by early deaths after
2–3 days of starvation [1]. This metabolic response to fasting is
not expected for most mammals with high protein diets, which
are known to be especially resistant to long periods of fasting
[15,33,30]. The reasons for this unusual response are unclear, but
their exclusively sanguineous diet is likely to play an important
role, since blood contains 93.1% protein and only 1% carbohydrate
[4]. High-protein diets induce striking early metabolic changes in
human and animal models, especially when the diet contains at
least 50% of energy derived from proteins [9,13].
In this context, recent studies have demonstrated that an intra-
uterine environment poor in glucose might decrease b-cell mass
and insulin production, leading to insulin resistance and glucose
intolerance [27]. Other studies have also demonstrated that high
protein diets can lead to decreased serum insulin levels and
reduced pancreatic islets mass, as well as insulin resistance in
adult rats [20,17,18].
To elucidate these points and identify the underlying mecha-
nisms associated with the vampire bat’s susceptibility to fasting,
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islets, serum insulin levels, insulin secretion response and glucose
sensitivity in the common vampire bat.2. Materials and methods
2.1. Materials
Human recombinant insulin (Humulin) was acquired from
Lilly (São Paulo, SP, Brazil). The reagents used for the insulin secre-
tion protocol and radioimmunoassay (RIA) were acquired from
Sigma (St. Louis, MO, USA). The 125I-labeled insulin (human recom-
binant) for RIA was purchased from PerkinElmer (Waltham, MA,
USA). SDS–PAGE and immunoblotting were performed using Bio-
Rad systems (Hercules, CA, USA) and all chemicals used were from
Bio-Rad (Hercules, CA, USA) and from Sigma (St. Louis, MO, USA).
Anti-insulin (rabbit polyclonal), anti-serine–threonine kinase
(AKT) (rabbit polyclonal), and anti-phosphorylated AKT (Ser473)
(pAKT) (rabbit polyclonal) were from Santa Cruz Biotechnology
(Santa Cruz, CA, USA).
2.2. Animals and study area
Adult male and non-pregnant female D. rotundus (E. Geoffroy,
1810) (n = 37), weighing 22–37 g, were captured using mist nets
(7  3 m) from caves around Brasília-DF, Brazil (15300S,
48100W; elevation 814 m). Bats were housed in individual cages
maintained in the dark at room temperature. Prior to the experi-
ments, all bats were fed deﬁbrinated bovine blood (40 mL of blood
per bat per night) for four nights. Petri dishes containing blood
were offered at 2000 pm and removed at 0730 am the next morn-
ing. Water was available ad libitum. For experiments with 12- or
24-h fasted bats, animals were only given water. When necessary,
euthanasia was performed by cervical dislocation followed by guil-
lotining. Free ﬂowing blood was collected from the trunk into sal-
ine-washed tubes, centrifuged (10 min at 1500 rpm – 5810R
Eppendorf) and serum was frozen at 20 C for posterior determi-
nation of insulinemia.
2.3. Methods
2.3.1. Serum insulin levels
Serum insulin of fed (N = 7) and 24-h fasted (N = 6) vampire bats
was measured by RIA using guinea pig anti-rat insulin antibody
and rat insulin as standard [29].
2.3.2. Immunocytochemistry and morphometry of pancreatic islet
Seven pancreata from fed male bats were rapidly removed
and immersed in 3.7% formol (phosphate buffered saline (PBS),
pH 7.4) for 24 h. After ﬁxation in Bouin’s ﬁxative for 3 h, the tis-
sue was dehydrated and embedded in parafﬁn wax. The tissue
was serially sectioned at 6 lm along the longitudinal axis of
each pancreas. Morphometry was performed using random sec-
tions stained with hematoxylin–eosin and analyzed under a
microscope-camera system (ZEISS Stemi SV MC80). For immuno-
cytochemistry analysis, samples were treated with poly-L-lysin
and incubated with anti-insulin polyclonal primary antibody
and their speciﬁc secondary antibodies for pancreatic b-cell iden-
tiﬁcation. To determine the proportion of endocrine tissue in
relation to exocrine tissue, hematoxylin–eosin and immunocyto-
chemistry (ICC) stained sections were examined with two soft-
wares (Pixel View Station 4.12 and Image Pro-Plus 6.0), which
also allowed the determination of the mean islets total area,
diameter and size in 230 randomly and non-consecutively
selected sections.2.3.3. Cumulative static insulin secretion and pancreas insulin content
Cumulative static insulin secretion was investigated according
to a previous publication [26] with modiﬁcations. Brieﬂy, small
pancreatic fragments (2–3 mm) from fed bats were ﬁrst incu-
bated for 1 h at 37 C in 1 mL Krebs-bicarbonate buffer solution
of the following composition (in mmol/L): 115 NaCl, 5 KCl, 2.56
CaCl, 1 MgCl2, 24 NaHCO3, 15 N-2-hydroxyethylpiperazine-N-2-
ethanesulfonic acid and 5.6 glucose, supplemented with 0.5% of
bovine serum albumin and equilibrated with a mixture of 95%
O2:5% carbon dioxide, pH 7.4. The medium was then replaced with
1 mL of fresh buffer with the addition of: (1) 2.8 mM glucose; (2)
5.6 mM glucose; (3) 22.4 mM glucose; (4) 2.8 mM glucose +
30 mM K+; (5) 2.8 mM glucose + 20.0 mM leucine; or (6) 2.8 mM
glucose + 100 mM tolbutamide and further incubated for 1 h. At
the end of the incubation, the samples were stored at 20 C for
subsequent measurement of insulin content by RIA. During pre-
and incubation periods, the medium also contained a mixture of
anti-proteases (Trasylol, 2%) to avoid insulin degradation by exo-
crine enzymes. The insulin content in the pancreatic fragments of
each well was also measured. For this purpose, the fragments were
transferred into a 1.5-mL microcentrifuge tube, washed in Krebs-
bicarbonate buffer solution with 2.8 mmol/L glucose, and the med-
ium replaced with extraction solution (12 mmol/L HCl in 70% eth-
anol). Then, the fragments were sonicated for 15 s, maintained
overnight at 4 C, centrifuged for 10 min at 3000g, and the super-
natant was frozen at 20 C for subsequent analysis of insulin con-
tent by RIA.
2.3.4. Intraperitoneal glucose test (ipGTT)
For the ipGTT, 12-h fasted bats (F12) had blood samples col-
lected from the wing vein at the following times: zero (T0) before
i.p. glucose administration (2 g/Kg b.w., 0.5 mL) and after 60, 120,
180 and 240 min (T60, T120, T180 and T240) of glucose load. The
control group received i.p. saline administration (0.9%, 0.5 mL)
and was submitted to the same procedures as ipGTT. In all groups,
blood glucose was determined with Accu Chek Active, Roche
(error < 1%).
2.3.5. Protein extraction and immunoblotting for pAkt and Akt
Protein extraction and immunoblotting were carried out as pre-
viously reported [26] with modiﬁcations. Immunoblotting experi-
ments were performed at least three times using different
samples (each sample consisting of tissue obtained from one
bat). Fragments of liver were obtained from the same anatomical
area of each bat. Brieﬂy, fed bats were killed after 5 or 15 min of
insulin (1 unit/Kg b.w., 0.5 mL) or saline (0.9%, 0.5 mL) administra-
tion. Fragments of 200 mg of liver were ﬁrst homogenized in Hanks
solution using a Polytron homogenizer (PTA 20S, model PT10/35 –
Brinkmann Instruments, NY, USA) (2 pulses of 15 s at the maximal
speed). The extracts were then centrifuged (5804R Eppendorf) at
15,000 rpm at 4 C for 45 min to remove insoluble material. Super-
natant aliquots were used for antibody precipitation. The protein
concentration in supernatants was measured by the Bradford
method, according to the manufacturer (Bio-Rad, Hercules, CA,
USA). The samples were treated with Laemmli sample buffer con-
taining 10 mM dithiothreitol and boiled for 5 min. All volumes
were adjusted (Multiskan EX, Labsystems) so that aliquots of sim-
ilar protein concentrations were applied to a 10% polyacrylamide
gel and separated by SDS–PAGE in a Bio-Rad miniature slab gel
apparatus, paralleled with a molecular weight marker. The electro-
transfer of proteins from the gel to nitrocellulose was done at
120 V for 50 min or 1 h in a BioRad miniature transfer apparatus.
Before incubation with the primary antibody, the nitrocellulose ﬁl-
ters were treated with a blocking buffer (5% non-fat dried milk,
10 mM Trizma, 150 mM NaCl and 0.02% Tween 20) for 2 h at
22 C. The membranes were incubated for 4 h at 22 C with
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The blots were subsequently incubated with horseradish peroxi-
dase (HRP, Sigma)-conjugated second antibody for 2 h. After wash-
ing in TBS-T, membranes were incubated with the appropriate
secondary antibody. Antibody binding was detected by enhanced
SuperSignal West Pico Chemiluminescent Substrate (PIERCE,
Rockford, IL, USA), according to the manufacturer’s instructions.
Band intensities were quantiﬁed by optical densitometry (Scion
Image, Frederick, MD).2.4. Statistical analysis
Data are presented as the means ± standard error of the means
(SEM). Statistics for GTT analysis were performed using one-way
analysis of variance (ANOVA) and subsequent Dunnett (compari-
sons between dependent variables, for repeated measures within
the group) or Fisher’s Least Signiﬁcance Difference (LSD) (multiple
comparisons between independent variables) (Statistica 8, Stat-
Soft). Static insulin secretion analysis was performed using Krus-
kal–Wallis test with Dunn’s post test and serum insulin levels
were analyzed with non-paired Student’s t-test. For all statistical
analysis P < 0.05 was taken as the criterion of signiﬁcance.3. Results
3.1. Serum insulin levels
To evaluate the effects of fasting on insulinemia of vampire bats,
serum insulin levels were determined in fed and 24-h fasted bats.
Serum insulin levels found in fed vampires (0.81 ± 0.22 ng/mL)
showed a signiﬁcant decrease in response to 24 h of fasting
(0.34 ± 0.11 ng/mL) (F = 1.076; P = 0.047).Fig. 1. Histological pancreas sections stained by ICC (A) showing insulin b-cells occupyin
pancreatic islets; and Cromic Hematoxylin/eosin (C), evidencing the distribution of en
b-cells (arrowhead).3.2. Immunocytochemistry and morphometry of pancreatic islets
Pancreas endocrine cells occupied 1.58% of the total volume of
the reconstructed pancreas. The islets were easily identiﬁed be-
cause they were pale under eosinophilic staining, possessing an
irregular shape (Fig. 1B and C). Immunostaining for insulin produc-
ing b-cells showed that they were generally located in the center of
the islet (Fig. 1A and D). Mean islets area was 1541.59 ± 82.95 lm2,
diameter 41.08 ± 1.08 lm, size (length) 53.61 ± 1.47 lm and size
(width) 37.45 ± 1.00 lm. The percentage of b-cells in vampire bat
islets was 33.8%, which is below the percentage seen for most
mammals.
3.3. Static insulin secretion
Pancreatic fragments were incubated with 5.6 mM or 22.4 mM
of glucose (Fig. 2). Data analysis revealed a non-signiﬁcant increase
in static insulin secretion in glucose-stimulated pancreatic frag-
ments (1.78- and 1.98-fold, respectively) compared to that ob-
served at basal glucose concentration (2.8 mM). Leucine and
tolbutamine-stimulated insulin secretion in pancreatic fragments
was higher than glucose-stimulated secretion. Insulin secretion
in fragments incubated with 2.8 glucose mM + 20 mM leucine
was 14.27 times higher compared to that obtained at basal glucose
concentration (2.8 mM) (Fig. 2).
3.4. Glucose tolerance test (ipGTT)
To monitor glucose homeostasis after a glucose load, we per-
formed an ipGTT. Twelve-hour fasted bats exhibited increased lev-
els of blood glucose during the test, when the values rose from
4.33 ( 0.30 to 17.15 ± 0.82 mmol/L after 1 h of glucose injection,
and remained higher after 2 h (14.39 ± 1.45 mmol/L), 180g islets the central core; Hematoxylin/eosin (B), showing morphological aspects of
docrine cells. Note the peripheral located a-cells (arrow) and centrally positioned
Fig. 2. Glucose (2.8 mmol/L, 5.6 mmol/L and 22.4 mmol/L), K+, Leucine and
Tolbutamine-stimulated insulin secretion in pancreas fragments from D. rotundus.
Data are means ± SEM. (n = 8). ⁄Signiﬁcantly different vs. Glu2.8 mmol/L and
#signiﬁcantly different vs K30 mM.
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Fig. 3. Peripheral sensitivity to glucose. Blood glucose values under intraperitoneal
glucose tolerance test (ipGTT) (mmol/L) in 12-h fasted vampire bats after 2 g/kg
b.w. (GLU2) or saline (SAL) administration (n = 13) (A). Values represent the
mean ± SEM. ⁄Signiﬁcantly different vs. SAL; #vs. T0. P < 0.05.
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Fig. 4. Protein content of total Akt and phosphorilated Akt in hepatic tissue after
15 min of saline (S150) and after 5 (I 50) or 15 (I 150) min after insulin administration
(0.75 U/kg b.w.) (n = 9). Values represent the mean ± SEM.
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(Fig. 3).3.5. Total and phosphorylated levels of Akt in the liver
The serine–threonine kinase Akt plays an important role in
insulin responsive cells and is one of the central kinases of the
insulin pathway. We analyzed the responsiveness of this kinase
to insulin stimulation in vivo in hepatic tissue. The phosphorylated
Akt levels did not increase.signiﬁcantly after 5 or 15 min of insulin
stimulation (Fig. 4).4. Discussion
According to our previous ﬁndings [12,11] D. rotundus is highly
susceptible to fasting possibly due to its limited ability to store
body energy reserves as glycogen and fat when food is available,
and also due to its low ability to mobilize existing stores (protein)
throughout fasting. This metabolic control of energy stores leads to
severe hypoglycemia, followed by premature deaths after 24–72 h
of fasting.
In the present study, we demonstrated that serum insulin levels
is about 3-fold lower in fed vampires than in rats fed a regular high
carbohydrate (HC) diet (14% protein), and about 2.3-fold lower
than in rats adapted to a high protein (HP) diet (50% protein) for
6 months (insulin levels reported for these groups were
122.8 ± 21.4 mIU/L for HC and 90.3 ± 3.5 mIU/L for HP rats) [17].
Another study with fed adult male rats also showed serum insulin
values 2-fold higher compared to fed vampire bats [18].
To investigate whether lower circulating insulin levels were
associated with morphological alterations in pancreatic islets and
insulin-producing b-cells, we performed a series of morphometri-
cal analyses. It has been established that certain dietary conditions
may result in reduced b-cell number and insulin secretion. Recent
data indicate that a maternal diet poor in glucose [27] or the con-
sumption of protein-rich diets by rats [20,17,18] could decrease
pancreatic b-cell populations and subsequently reduce insulin pro-
duction. We found that the distribution pattern and the percentage
of pancreatic islets (1.58%) in the common vampire bat pancreas
resembled the pattern normally observed for other mammals,
including other Chiroptera species [22]. However, the presence of
small sized, irregularly shaped islets, with less than 35% of insu-
lin-producing b-cells, is inconsistent with the pattern reported
for most mammals. Vampires´ islets are about seven times smaller
than those from mice with a similar body weight [2]. The percent-
age of b-cells found in D. rotundus is smaller than that reported for
humans and rodents [8] and for fruit bats (Rousettus aegyptiacus),
which have 47.4% of pancreatic b-cells [22]. Yet, pancreatic mor-
phometry and islet immunocytochemistry (ICC) ﬁndings in D.
rotundus are consistent with the lower serum insulin levels found
for this species.
The reasons for reduced insulin b-cell percentage found in D.
rotundus pancreas are unclear, but its low-carbohydrate, protein-
rich diet (bovine blood dry mass = 1% glucose and 93.1% protein)
[4] might be involved, since the variety of islet cell morphology
among species might reﬂect evolutionary adaptations to different
dietary habits [5] or may reﬂect physiological adjustments to
accommodate changing demands for insulin [16].
A negligible two-fold increase in insulin secretion was observed
when pancreas fragments were challenged by basal (5.6 mM) or
supra-stimulatory glucose concentrations (22.4 mM). The response
showed by vampire bats to 22.4 mM glucose was less than 10% of
that observed for isolated rats and mice islets stimulated with
16.5 mM glucose [6]. Nevertheless, leucine, one of the amino acids
constituting D. rotundus diet, induced a signiﬁcant increment in
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other mammals [14,35]. The poorer response observed in static
insulin secretion induced by glucose is consistent with the small
percentage of b-cells detected in D. rotundus pancreata. Insulin
secretion in K+-stimulated fragments did not increase as observed
in other mammals, suggesting that changes in chemical potential
are not able to induce insulin secretion itself. The increased insulin
secretion found in tolbutamide-stimulated fragments indicates
that the ATP-sensitive potassium channel is operating properly,
since this channel is blocked by tolbutamide.
Excess dietary protein has also been suspected to disturb
glucose metabolism and promote insulin resistance [20]. Results
obtained for ipGTT reveals that D. rotunduswas unable to deal with
a glucose overload, as they failed to reach normoglycemia follow-
ing a glucose injection. Unlike most mammals, including fruit-
eating bats [24], the blood glucose levels from vampire bats did
not return to initial basal levels even after 4 h of glucose load, with
a glicemia 400% higher than basal. The frugivorous bat Artibeus
lituratus showed only a small increase in glycemia under a glucose
load (3 g/kg b.w.), returning to basal levels after 90 min [24]. In
fact, it has been demonstrated that, as long as insulin secretion
mechanisms are preserved, blood glucose values return to initial
normal levels 2 h after glucose administration [19,25]. Studies by
Reusens and Remacle [27] also showed that maternal diet that
results in a poor glucose supply to the embryo could cause glucose
intolerance in the fetus as well as a decrease in the number of
b-cells. Our ﬁndings are also in good agreement with previous
studies on fat rich diet consumption, which also resulted in im-
paired acute insulin response under glucose load [21,31]. Although
apparently unfavorable for vampires, this metabolic pattern char-
acterized by low insulinemia and glucose intolerance might work
as an adaptive strategy ensuring high blood glucose levels lasting
as long as possible and reducing the consequences of the unpre-
dictability of the next meal.
The lack of changes in liver Akt phosphorylation in response to
insulin administration support our ﬁndings for glucose intolerance.
Studies with cats also show their expected low ability to utilize
dietary carbohydrates, reﬂecting their true carnivore nature
[23,34]. Reinforcing the hypothesis that the type of diet could
strongly inﬂuence the metabolic behavior, it has been demon-
strated that fruit bats exhibit a physiological performance under
a glucose overload [24], possibly due to the high intake of a carbo-
hydrate-rich fruit diet, near the equivalent of their body weight
every night [32].
Taken together, our results indicate that the common vampire
bat’s strict sanguinivorous diet is the most likely explanation for
these ﬁndings, as vampires probably never faces a glucose overload
from its diet. The high-protein/low-carbohydrate diet is probably
related to the scarce distribution of b-cells in the pancreatic islets,
which could also explain the low serum insulin ﬁndings. In
this context, impaired glucose-stimulated insulin secretion also
explains the hyperglycemia and the resulting glucose intolerance
found in vampires undergoing ipGTT. The low carbohydrate intake
of D. rotundus could also act as a compensatory mechanism for
insulin resistance, enabling glucose homeostasis when food is
available. On the other hand, this metabolic pattern renders D.
rotundus unable to store energy reserves, such as liver glycogen
and lipids, thus impairing their response to fasting and causing
the reported severe and persistent hypoglycemia following fasting
and deaths after 48–72 h of food deprivation [12].
These physiological adaptations, however, also allow this spe-
cies to live with limited energy reserves when fed, reducing the
costs of ﬂight, whereas fasting periods are probably prevented by
the reciprocal food sharing through blood regurgitation [36],
a unique and remarkable social behavior described for vampire
bats.Acknowledgments
This work was supported by CNPq (140328/02-5). We are grate-
ful to E. Magalhães, J. Costa, and A. Protzek for providing ﬁeld and
laboratory help and R. J. Malcher-Lopes for proof reading the
article. All animal capture and procedures were made with the ap-
proval from the Brazilian Institute of Environment (02008.001058/
2006) and by the Animal Care and Use Committee from UnB –
Brazil (No. 66367/2007).References
[1] J.D. Altrigham, Bats: Biology and Behaviour, 1st ed., Oxford University Press,
New York, 2006.
[2] V.C. Arantes, V.P. Teixeira, M.A. Reis, M.Q. Latorraca, A.R. Leite, E.M. Carneiro,
A.T. Yamada, A.C. Boschero, Expression of PDX-1 Is Reduced in pancreatic islets
from pups of rat dams fed a low protein diet during gestation and lactation, J.
Nutr. 132 (10) (2002) 3030–3045.
[3] K. Beardsall, K. Yuen, R. Willians, D. Dunger, Applied physiology of glucose
control, Curr. Paediatr. 16 (2006) 434–438.
[4] C.P. Breidenstein, Digestion and assimilation of bovine blood by a vampire bat
(Desmodus rotundus), J. Mamm. 63 (3) (1982) 482–484.
[5] O. Cabrera, D.M. Berman, N.S. Kenyon, C. Ricordi, P.O. Berggren, A. Caicedo, The
unique cytoarchitecture of human pancreatic islets has implications for islet
cell function, Proc. Natl. Acad. Sci. 103 (2006) 2334–2339.
[6] H.G. Coore, P.J. Randle, Regulation of insulin secretion studied with pieces of
rabbit pancreas incubated in vitro, Biochem. J. 93 (1) (1964) 66–78.
[7] P.E. Cryer, Regulation of glucose metabolism in man, J. Int. Med. 229 (1991)
31–39.
[8] A.A. Elayat, M.M. El-Naggar, M. Tahir, An immunocytochemical and
morphometric study of the rat pancreatic islets, J. Anat. 186 (1995) 629–637.
[9] R.S. Eisenstein, A.E. Harper, Relationship between protein intake and hepatic
protein synthesis in rats, J. Nutr. 121 (10) (1991) 1581–1590.
[10] F. Ferreira, H.C.L. Barbosa, L.F. Stoppiglia, V. Delghingaro-Augusto, E.A. Pereira,
A.C. Boschero, E.M. Carneiro, Decreased insulin secretion in islets from rats fed
a low protein diet is associated with a reduced PKA expression, J. Nutr. 134
(2004) 63–67.
[11] M.B. Freitas, C.B.C. Passos, R.B. Vasconcelos, E.C. Pinheiro, Effects of short-term
fasting on energy reserves of vampire bats (Desmodus rotundus), Comp.
Biochem. Physiol. B. 140 (2005) 59–62.
[12] M.B. Freitas, A.F. Welker, S.F. Millan, E.C. Pinheiro, Metabolic responses
induced by fasting in the common vampire bat Desmodus rotundus, J. Comp.
Physiol. B 173 (2003) 703–707.
[13] P.J. Garlick, M.A. McNurlam, C.S. Patlak, Adaptation of protein metabolism in
relation to limits of high dietary protein intake, Eur. J. Clin. Nutr. 53 (1) (1999)
S34–S43.
[14] C. Hinault, E.V. Obberghen, I. Monthe-Satney, Role of amino acids in insulin
signaling in adipocytes and their potential to decrease insulin resistance of
adipose tissue, J. Nutr. Biochem. 17 (2006) 374–378.
[15] I.C. Kettelhut, M.C. Foss, R.H. Migliorini, Glucose homeostasis in a carnivorous
animal (cat) and in rats fed a high protein diet, Am. J. Physiol. 239 (5) (1980)
R437–R444.
[16] A. Kim, K. Miller, J. Jo, G. Kilimnik, P. Wojcik, M. Hara, Islet architecture: a
comparative study, Islet 1 (2) (2009) 129–136.
[17] M. Lacroix, C. Gaudichon, A. Martin, C. Morens, V. Mathe, D. Tome, J.F. Huneau,
A long-term high-protein diet markedly reduces adipose tissue without major
side effects in wistar male rats, Am. J. Physiol. Regul. Integr. Comp. Physiol. 287
(4) (2004) R934–R942.
[18] E.D. Lephart, J.P. Porter, T.D. Lund, L. Bu, K.D. Setchell, G. Ramoz, W.R. Crowley,
Dietary isoﬂavonas alter regulatory behaviors, metabolic hormones and
neuroendocrine functions in Long-Evans male rats, Nutr. Metabol. 1 (2004) 16.
[19] J.-H. Lian, Y.-Q. Xiang, L. Guo, W.-R. Hu, W. Ji, B.-Q. Gong, The use of high-fat/
carbohydrate diet-fed and streptozotocin-treated mice as a suitable animal
model of type 2 Diabetes Mellitus, Scand. J. Lab. Anim. Sci. 34 (1) (2007) 21–29.
[20] T. Linn, B. Santosa, D. Gronemeyer, S. Aygen, N. Scholz, M. Busch, R.G. Bretzel,
Effect of long-term dietary protein intake on glucose metabolism in humans,
Diabetologia 43 (10) (2000) 1257–1265.
[21] T. Matsuo, S. Iwashita, M. Komuro, M. Suzuki, Effects of high-fat diet intake on
glucose uptake in central and peripheral tissues on non-obese rats, J. Nutr. Sci.
Vit. 45 (1999) 667–673.
[22] A.J. Michelmore, D.J. Keegan, B. Kramer, Immunocytochemical identiﬁcation of
endocrine cells in the pancreas of the fruit bat, Rousettus aegyptiacus, Gen.
Comp. Endocrinol. 110 (1998) 319–325.
[23] J.G. Morris, Idiosyncretic nutrient requirements of cats appear to be diet-
induced evolutionary adaptations, Nutr. Res. Rev. 15 (2002) 153–168.
[24] A.O.P. Protzek, A. Rafacho, B.A. Viscelli, J.R. Bosqueiro, A.P. Capelli, F.M.M.
Paula, A.C. Boschero, E.C. Pinheiro, Insulin and glucose sensitivity, insulin
secretion and b-cell distribution in endocrine pancreas of the fruit bat Artibeus
lituratus, Comp. Biochem. Physiol. A 157 (2010) 142–148.
[25] A. Rafacho, L.P. Roma, S.R. Taboga, A.C. Boschero, J.R. Bosqueiro,
Dexamethasone-induced insulin resistance is associated with increased
6 M.B. Freitas et al. / General and Comparative Endocrinology 183 (2013) 1–6connexin 36 mRNA and protein expression in pancreatic rat islets, Can. J.
Physiol. Pharmacol. 85 (2007) 1–9.
[26] A. Rafacho, D.L. Ribeiro, A.C. Boschero, S.R. Taboga, J.R. Bosqueiro, Increased
pancreatic islet mass is accompanied by activation of the insulin receptor
substrate-2/serine–threonine kinase pathway and augmented cyclin D2
protein levels in insulin-resistant rats, Int. J. Exp. Path. 89 (4) (2008)
264–275.
[27] B. Reusens, C. Remacles, Programming of the endocrine pancreas by the early
nutritional environment, Int. J. Biochem. Cell Biol. 38 (2006) 913–922.
[28] G.A. Rutter, Visualising insulin secretion, The Minkowski Lecture, Diabetologia
47 (2004) 1861–1872.
[29] G.S. Scott, J.H. Thomas, D.I. Dron, Studies on the insulin degrading activity of
rat liver plasma membranes, Biochem. Soc. Trans. 9 (1) (1981) 127–128.
[30] S.M. Silva, R.H. Migliorini, Effects of starvation and refeeding on energy-linked
metabolic process in the turtle (Phrynops hilarii), Comp. Biochem. Physiol. 96A
(3) (1990) 415–419.[31] S. Thiess, C. Becskei, K. Tomsa, T.A. Lutz, M. Wanner, Effects of high
carbohydrate and high fat diet on plasma metabolite levels and on iv
glucose tolerance test in intact and neutered male rats, J. Feline Med. Surg. 6
(2004) 207–218.
[32] J. Van Der Westhuizen, The feeding pattern of the fruit bat Rousettus
aegyptiacus, S. Afr. J. Med. Sci. 41 (1976) 271–278.
[33] J.A.S. Veiga, E.S. Roselino, C. Linder, R.H. Migliorini, Effects of fasting and
adrenalectomy on the kinetics of glucose metabolism in granivorous and
carnivorous bird, Braz. J. Med. Biol. Res. 15 (1982) 175–180.
[34] A. Verbrugghe, M. Hesta, S. Daminet, G.P.J. Janssens, Nutritional modulation of
insulin resistance in the true carnivorous cat: a review, Crit. Rev. Food Sci.
Nutr. 52 (2012) 172–182.
[35] R.T. Watson, J.E. Pessin, Bridging the gap between insulin signaling and GLUT4
translocation, Trends Biochem. Sci. 31 (4) (2006) 215–222.
[36] G.S. Wilkinson, Reciprocal food sharing in the vampire bat, Nature 309 (1990)
181–184.
